Polyadenosine RNA-binding proteins (Pabs) regulate multiple steps in gene expression. This protein family includes the well studied Pabs, PABPN1 and PABPC1, as well as the newly characterized Pab, zinc finger CCCH-type containing protein 14 (ZC3H14). Mutations in ZC3H14 are linked to a form of intellectual disability. To probe the function of ZC3H14, we performed a transcriptome-wide analysis of cells depleted of either ZC3H14 or the control Pab, PABPN1. Depletion of PABPN1 affected ϳ17% of expressed transcripts, whereas ZC3H14 affected only ϳ1% of expressed transcripts. To assess the function of ZC3H14 in modulating target mRNAs, we selected the gene encoding the ATP synthase F 0 subunit C (ATP5G1) transcript. Knockdown of ZC3H14 significantly reduced ATP5G1 steady-state mRNA levels. Consistent with results suggesting that ATP5G1 turnover increases upon depletion of ZC3H14, double knockdown of ZC3H14 and the nonsense-mediated decay factor, UPF1, rescues ATP5G1 transcript levels. Furthermore, fractionation reveals an increase in the amount of ATP5G1 pre-mRNA that reaches the cytoplasm when ZC3H14 is depleted and that ZC3H14 binds to ATP5G1 pre-mRNA in the nucleus. These data support a role for ZC3H14 in ensuring proper nuclear processing and retention of ATP5G1 pre-mRNA. Consistent with the observation that ATP5G1 is a rate-limiting component for ATP synthase activity, knockdown of ZC3H14 decreases cellular ATP levels and causes mitochondrial fragmentation. These data suggest that ZC3H14 modulates pre-mRNA processing of select mRNA transcripts and plays a critical role in regulating cellular energy levels, observations that have broad implications for proper neuronal function.
The fate and function of a cell are determined not only by the spectrum of genes that are expressed but also the spatial and temporal regulation of the resulting mRNAs (1) . The processing of mRNAs is referred to as post-transcriptional pro-cessing and is critical to ensure proper cell function (2, 3) . A myriad of post-transcriptional regulatory RNA-binding proteins execute the post-transcriptional program, which includes events such as the capping, splicing, 3Ј end processing, and export of mRNAs (3) . These events, which produce a mature export-competent mRNA, are tightly coupled to one another and are subject to extensive quality control to ensure proper processing and to prevent aberrantly processed mRNAs from entering the cytoplasm (4) . Therefore, precise expression and function of RNA-binding proteins is critical to ensure the proper gene expression profile of a cell (2) . The importance of RNA-binding proteins is illustrated by the number of human diseases that result from mutation or dysregulation of these RNA-binding proteins, including links to cancer (5-7) and neuronal dysfunction (8 -11) . Understanding the role of newly discovered, or previously uncharacterized, RNA-binding proteins in the post-transcriptional processing of target mRNAs is key in delineating the regulation of gene expression as well as defining molecular mechanisms underlying human disease.
An RNA-binding protein that was recently linked to tissuespecific human disease is the zinc finger polyadenosine RNAbinding protein zinc finger CCCH protein 14 or ZC3H14 (12, 13) , which is also termed MSUT2 (14) . Mutations in ZC3H14 cause non-syndromic intellectual disability (12) , but the mechanism that leads to the disease is unknown. Biochemical studies show that ZC3H14 employs five evolutionarily conserved tandem cysteine 3 histidine (CCCH) zinc fingers to recognize polyadenosine RNA with high affinity and specificity (15) . In contrast, the well studied poly(A)-binding proteins (Pabs), 2 poly(A)-binding protein cytoplasmic 1 (PABPC1) and poly(A)binding protein nuclear 1 (PABPN1), recognize polyadenosine RNA via globular RNA recognition motifs (16 -19) . Thus ZC3H14 presents a novel mode of polyadenosine RNA recognition and expands the Pab family of RNA-binding proteins (20) .
As illustrated in Fig. 1A , ZC3H14 is alternatively spliced to form at least four splice variants that encode four distinct protein isoforms (13) . Isoforms 1-3 each contain an N-terminal proline tryptophan isoleucine (PWI)-like domain (13) , which mediates interactions with the nuclear pore (21) , as well as a predicted classical nuclear localization signal (cNLS) (13) . The three longer isoforms of ZC3H14 are localized to the nucleus at steady state (13) ; however, isoform 4, which lacks the exon containing the predicted cNLS, is localized to the cytoplasm (13) . All four described isoforms contain the five tandem C-terminal CCCH zinc fingers and are therefore expected to interact with polyadenosine RNA with similar affinity (13, 15) . Patients homozygous for loss-of-function mutations in the ZC3H14 gene have a severe form of autosomal recessive intellectual disability (12) , suggesting a critical role for ZC3H14 in mRNA-processing events that are necessary for proper brain function (11) .
The RNA recognition motif-containing Pabs, PABPC1 and PABPN1, have well studied and ubiquitous roles in post-transcriptional processing (20) ; however, the role of ZC3H14 in post-transcriptional mRNA processing is unclear. Extensive work on the Saccharomyces cerevisiae ortholog of ZC3H14, Nab2 (22, 23) , reveals that this essential protein plays roles in poly(A) tail length control and mRNA export (24 -27) , target transcript stability (28) , and RNA quality control in the nucleus (29, 30) . Genetic analyses performed in Drosophila melanogaster reveal a conserved function of Drosophila Nab2 (dNab2) in post-transcriptional processing, specifically in neurons (31) , consistent with the brain dysfunction present in patients. Understanding the role of ZC3H14 in human cells is not only critical to determine the molecular basis for the observed neuronal phenotype in patients but also to integrate the function of ZC3H14 into our current understanding of the Pab family of proteins.
To understand the role of ZC3H14 in human cells, we employed a genome-wide analysis to assess the consequence of ZC3H14 knockdown. Identifying transcripts that are modulated by the loss of ZC3H14 will not only provide useful candidate targets for the analysis of post-transcriptional processing defects but may also provide insight into molecular mechanisms that could contribute to brain dysfunction in patients lacking ZC3H14. In this study, we provide evidence from our genome-wide study that ZC3H14 has specific targets in human cells, as evidenced by the much smaller percentage of transcripts affected by knockdown of ZC3H14 as compared with another nuclear Pab, PABPN1. We selected and identified the ATP5G1 transcript as a specific target of ZC3H14. ATP5G1 encodes one of the proteins that compose the C subunit of ATP synthase (32) , which is responsible for the majority of ATP production in eukaryotic cells (33) . We demonstrate that knockdown of ZC3H14 in human cells results in a decrease in ATP5G1 steady-state mRNA levels. Our data suggest that ZC3H14 ensures proper pre-mRNA processing of the ATP5G1 transcript prior to transport to the cytoplasm. Finally, depletion of ZC3H14 by siRNA-mediated knockdown causes a decrease in cellular ATP levels and a severe mitochondrial fragmentation phenotype comparable with what is observed upon direct knockdown of ATP5G1. Together, these results support a role for ZC3H14 in modulating specific target mRNAs, including those important for proper mitochondrial function that could be particularly critical in the brain.
Experimental Procedures
Cell Culture-MCF-7 cells (ATCC HTB-22; estrogen receptor-positive breast cancer cell line (34) ) were obtained from the ATCC and maintained in Dulbecco's modified Eagle's medium (DMEM) supplemented with 10% FBS and antibiotics. DNA plasmids and siRNA (Invitrogen) were transfected into cultured cells using Lipofectamine2000 (Invitrogen) according to the manufacturer's protocol.
Plasmids and Chemicals-FLAG fusion constructs were generated using PCR primers that include the FLAG sequence to create N-or C-terminally FLAG-tagged protein isoforms. PCR products were then purified and subcloned into the pcDNA3.1 vector (Invitrogen). To generate the Myc-tagged ZC3H14 constructs, the N-terminal FLAG tag present in the ZC3H14 constructs was removed and replaced (subcloned) with a digested oligonucleotide encoding an N-terminal Myc tag. siRNA-resistant constructs were generated by site-directed mutagenesis (Stratagene) using primers that create silent mutations within the regions targeted by siRNA. For PARP cleavage assays, cells were treated with 1 M staurosporine (Enzo Life Sciences) for 3 h. Pre-designed Stealth siRNAs (Invitrogen) were employed for knockdown of ZC3H14 and ATP5G1. The ZC3H14 siRNA targeting sequences are as follows: 5Ј-CACA-TTCTACCATCCCACCATTAAT-3Ј and 5Ј-TGTTTGTTT-GTTCACCCAAATTGTA-3Ј. The siRNA targeting sequence for ATP5G1 is 5Ј-TCTCCAGCTCTGATCCGCTGTTGTA-3Ј. A pre-designed MISSION esiRNA pool (Sigma) was employed for knockdown of UPF1.
Immunoblotting-MCF-7 cells were harvested and washed in 1ϫ PBS and then lysed on ice in RIPA-2 buffer (150 mM NaCl, 1% Nonidet P-40, 0.5% deoxycholate, 0.1% SDS, 50 mM Tris, pH 8.0) containing protease inhibitors (PLAC: 3 g/ml of pepstatin, leupeptin, aprotinin, and chymostatin and 0.5 mM PMSF). Immunoblotting was performed using standard methods (35) . Briefly, 30 g of total protein lysate per sample was resolved by SDS-PAGE and transferred onto a nitrocellulose membrane. For immunoblotting, a 1:5,000 dilution of rabbit polyclonal ZC3H14 (13), rabbit polyclonal PABPN1 (36), or tubulin (Sigma; Clone DM1A) antibody, a 1:2,000 dilution of HSP90 (Santa Cruz Biotechnology; clone F-8) antibody, or a 1:1,000 dilution of UPF1 (Bethyl Laboratories), PARP (Pharmingen; clone 4C10-5), HuR (Santa Cruz Biotechnology; clone 3A2), or Myc (Cell Signaling; clone 9B11) antibody was used followed by 1:3,000 dilutions of HRP-conjugated goat anti-mouse IgG or HRP-conjugated goat anti-rabbit IgG secondary antibodies (Jackson ImmunoResearch).
Microarray Analyses-MCF-7 cells were transfected with siScramble, siZC3H14, or siPABPN1 and collected 48 h later. Transfected MCF-7 cells were lysed using QIAshredder columns (Qiagen), and total RNA was isolated using the RNeasy mini kit (Qiagen). RNA integrity from triplicate samples was assessed on an Agilent Bioanalyzer 2100, and cDNA samples were generated and hybridized to the Illumina HumanHT-12 v4 Expression BeadChip microarray platform by the Emory Integrated Genomics Core. To discover differentially expressed transcripts between treatment groups, a two-class unpaired Significance Analysis of Microarrays analysis was employed with a false discovery rate of 0%. An additional cutoff of 1.5-fold was used to identify significantly affected (increased or decreased) transcripts.
RNA Isolation and Quantitative RT-PCR-Total RNA was isolated from MCF-7 cells using TRIzol reagent (Invitrogen) in accordance with the manufacturer's instructions. Reverse transcriptase reactions were carried out with Random Primers (hexadeoxynucleotides; Promega) and Moloney murine leukemia virus RT (Invitrogen) using 1 g of RNA for an estimated concentration of ϳ50 ng/l cDNA per sample that was used for quantitative RT-PCR.
For qRT-PCR analyses, 1 g of total RNA was transcribed to cDNA as described above. Relative mRNA levels were measured by quantitative PCR analysis of triplicate samples of 5 ng of cDNA with QuantiTect SYBR Green Master Mix using an Applied Biosystems real time machine (ABI). Results were analyzed using the ⌬⌬CT method (37) and normalized to 18S rRNA or RPLP0 transcript. Statistical significance was determined using either a Student's t test or a one-or two-way analysis of variance. Primer sequences used for qRT-PCR analyses are as follows: 18S rRNA FWD, GAGACTCTGGCATGCTA-ACTAG, and 18S rRNA REV, GGACATCTAAGGGCATCA-CAG; RPLP0 FWD, GGGCGACCTGGAAGTCCAACT, and RPLP0 REV, CCCATCAGCACCACAGCCTTC; ATP5G1 FWD, CCTCCTTCTTGAATAGCCCAG, and ATP5G1 REV, CCCCAGCACCAATAAACTTG; ZC3H14 FWD, CTACCA-TCACCCCATCTCAC, and ZC3H14 REV, AGGGACAATC-TGGTTTAGTACAC; Pre-ATP5G1 FWD, GAGTCAGCCAC-CTGTCCTTATGCC, and Pre-ATP5G1 REV, CTGGTCT-GGAACTCCCGTCTGG; Pre-RPLP0 FWD, GTGGCCATGG-ATCTGCTGGTTGTC, and Pre-RPLP0 REV, CCCACTTTG-TCTCCAGTCTTGATCAGCTG; and GAPDH FWD, AAGG-TCGGAGTCAACGGATTTGG, and GAPDH REV, GAT-GACAAGCTTCCCGTTCTC. Pre-validated qRT-PCR primers for ATP5G2, ATP5G3, and the OXPHOS subunit mRNAs NDUFA4, SDHB, UQCRFS1, COXIV, and ATP5B were ordered from SABiosciences. To verify the identity of the PCR products, we resolved the products on an agarose gel (to verify one band/primer set), excised each fragment, and performed TOPO cloning followed by sequencing.
RNA Immunoprecipitation-To probe interactions between ZC3H14 and target mRNAs in whole cell lysates, RNA-IP analyses were performed on MCF-7 cells grown to near confluency in 150-mm plates. Cells were rinsed twice with ice-cold PBS, collected on ice, and resuspended in RNA-IP buffer (50 mM Tris-HCl, pH 7.4, 100 mM NaCl, 32 mM NaF, 0.5% Nonidet P-40 in diethyl pyrocarbonate-treated water) supplemented with 1 mM DTT, 100 units/ml RNase OUT (Invitrogen), and 1 cOmplete mini protease inhibitor tablet (Roche Applied Science; 1 tablet/10 ml of buffer). Cells were sonicated on ice five times (program, 9 s at 0.5 output) and then passed through a 27-gauge syringe five times and placed back on ice for 20 min with occasional vortexing. Lysates were spun at 13,000 rpm for 10 min at 4°C, and protein concentration was determined with a standard BCA assay. Protein G magnetic beads (DYNA beads; Invitrogen) were rinsed and resuspended in RNA-IP buffer and incubated with pre-immune rabbit serum or an equal volume of N-terminal ZC3H14 antibody (13) for 1 h at room temperature.
Bead/antibody and bead/pre-immune samples were rinsed in RNA-IP buffer and added to clarified cell lysates, followed by incubation at 4°C overnight while tumbling end over end (10% removed prior to overnight incubation for input samples). After incubation, beads were magnetized; unbound samples were collected (10% of input) and washed five times with icecold RNA-IP buffer. ZC3H14/RNA complexes were eluted and isolated with TRIzol reagent (Invitrogen) and purified according to the manufacturer's instructions.
To determine interactions between ZC3H14 and target RNAs in separate cellular compartments, RNA-IP assays were carried out as described above, with the following alterations. Confluent MCF-7 cells were rinsed twice with ice-cold PBS, collected on ice, and subjected to nucleocytoplasmic fractionation (described below). Upon isolation and separation of the cytoplasmic lysates, the nuclear fraction was rinsed once with ice-cold TSE buffer (10 mM Tris, 300 mM sucrose, 1 mM EDTA, 0.1% Nonidet P-40, pH 7.5), sonicated, and passed through a syringe as described above. Nuclear samples were incubated on ice for 20 min with occasional vortexing, followed by a 10-min spin at 13,000 rpm at 4°C. The protein concentration from each compartment was determined by a standard BCA assay. Lysates from each compartment were subjected to immunoprecipitation as described above.
RNA isolated from input and bound fractions for pre-immune and ZC3H14 samples were subjected to RNA isolation and qRT-PCR as described above. mRNA levels in the ZC3H14-bound fractions (for whole cell and within each compartment) were normalized to input levels and then compared by fold-enrichment over pre-immune control.
mRNA Stability Assays-To measure mRNA stability in MCF-7 cells, 5 g/ml actinomycin D (Sigma) was added to the growth medium to inhibit transcription, and cells were harvested 0, 6, 9, and 12 h later. To measure mRNA stability in MCF-7 cells with reduced ZC3H14 levels, cells were transfected with ZC3H14 siRNA 24 h after seeding. Following a 48-h incubation with siRNA, 5 g/ml actinomycin D was added to the growth medium, and cells were harvested 0, 6, 9, and 12 h later. Total RNA was extracted from cells (described above) and analyzed by qRT-PCR. Half-lives were determined by normalization to 18S rRNA and to time 0.
Nucleocytoplasmic Fractionation-To isolate distinct pools of RNA and protein from nuclear and cytoplasmic fractions, MCF-7 cells were collected on ice, spun down, and resuspended in ice-cold fractionation buffer (10 mM Tris-HCl, pH 7.4, 10 mM NaCl, 3 mM MgCl 2 , 0.5% (v/v) Nonidet P-40) supplemented with 1 mM DTT, 100 units/ml RNase OUT (Invitrogen), and 1 mini cOmplete protease inhibitor tablet (Roche Applied Science; 1 tablet/10 ml of buffer) for 10 min on ice. Cell lysates were centrifuged at 1,000 ϫ g for 5 min, and the supernatant or cytoplasmic fraction was separated from the nuclear pellet. RNA was isolated from each fraction with TRIzol reagent (Invitrogen), and protein samples were prepared with RIPA-2 buffer (as described above for immunoblotting).
Cellular ATP Assays-Cells were plated in 6-well dishes and treated for 48 h with siScramble, siZC3H14, or siATP5G1 siRNA (Invitrogen) according to the manufacturer's protocol. Separate sets of cells were treated with vehicle control (DMSO;
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Sigma) or 1 M rotenone (Enzo Life Sciences) for 3 h. All cells were harvested, counted side-by-side, and then lysed using a one-step boiling water cellular ATP extraction as described previously (38) . Total cellular ATP levels were assayed with the Enliten ATP Assay System (Promega) and normalized to siScramble or vehicle control.
Immunofluorescence and Imaging-MCF-7 cells were plated and transfected with Scramble or ZC3H14 siRNA (Invitrogen) using Lipofectamine2000 (Invitrogen) according to the manufacturer's protocol. Following a 48-h transfection, cells were re-plated at a 1:2 dilution onto Matrigel (BD Biosciences)coated coverslips and allowed to attach overnight. The following day, cells were fixed in 4% paraformaldehyde in PBS (15 min at room temperature) and then permeabilized in Triton X-100 (0.1% in PBS, 10 min), blocked (1% BSA in PBS, 1 h), and stained overnight with a 1:1,000 dilution of cytochrome c (BD Biosciences; clone 6H2.B4) or a 1:5,000 dilution of HSP60 (Enzo Life Sciences; clone LK-2) antibodies diluted in blocking buffer. The coverslips were then washed four times with PBS (5 min) and stained with a 1:500 dilution of anti-mouse 546 secondary antibody (Alexa fluorophores, Invitrogen). Coverslips were washed four times, stained with Hoechst 33342, and mounted using Prolong Antifade (Invitrogen). Representative cells were imaged using an Olympus FluoView 1000 confocal microscope using a ϫ100 objective (NA 1.45) with laser excitation at 543 nm.
For quantitative analyses, a cell was scored as "normal" if its mitochondria appeared predominantly tubular, and "fragmented" if mitochondria appeared predominantly small and spherical. For each experiment at least 100 cells were scored. Values are represented as mean Ϯ S.E. from three independent experiments. Statistical analysis was performed using a oneway analysis of variance, and a value of p Յ 0.05 was considered significant.
Results

Knockdown of ZC3H14 Decreases ATP5G1 mRNA Levels-
Previous studies of ZC3H14 orthologs in model organisms suggest a spectrum of post-transcriptional functions (24, 25, 28) that may influence the fate of bound target transcripts (29) . To examine the function of ZC3H14 in human cells, we sought to identify candidate target mRNA transcripts via an unbiased genome-wide approach. To accomplish this goal, we performed a microarray analysis on MCF-7 cells, a commonly used human breast cancer cell line (ATCC HTB-22), transfected with either control Scramble siRNA or siRNA targeting ZC3H14. To compare ZC3H14 to a more conventional Pab, we also performed knockdown of the well studied nuclear Pab, PABPN1 (20, 39, 40) . PABPN1 is predicted to bind to and regulate the 3Ј end processing of numerous polyadenylated mRNAs (41) (42) (43) and has the potential to regulate the steady-state level of many cellular mRNAs. A recent study demonstrated that knockdown of PABPN1 in HeLa cells resulted in a Ն1.5-fold change of ϳ13.5% of expressed transcripts in those cells (3 and 10.5% increased and decreased, respectively) (44) . If ZC3H14, as another nuclear Pab, also binds and regulates a large number of polyadenylated transcripts, we would expect to see a similar number of mRNA transcripts affected upon depletion of each Pab.
As shown in Fig. 1B , we achieve robust knockdown of ZC3H14 and PABPN1, as determined by immunoblotting with a ZC3H14 antibody that detects the nuclear isoforms of ZC3H14 ( Fig. 1A) (13) or a PABPN1 antibody (36) . Knockdown experiments were performed under conditions where no change in cell growth or viability was detected to minimize indirect effects. To identify differentially expressed transcripts between control cells and cells depleted of ZC3H14 or PABPN1, total RNA was used for cDNA generation and hybridized to the Illumina HumanHT-12 v4 Expression BeadChip microarray platform. Significance analysis of Microarrays was employed to determine statistically significant differentially expressed genes (Ն1.5-fold change) between treatment groups. As shown in Fig. 1C , knockdown of PABPN1 affected the steady-state level of 2,375 or ϳ17% of transcripts expressed in these cells, as calculated from our analyses (1,285 increased and 1,090 decreased transcripts out of 13,722 total). However, knockdown of ZC3H14 resulted in a change in steady-state level of only 171 or ϳ1% of expressed transcripts (101 increased and 70 decreased transcripts out of 13,918 total). To validate the results of the microarray, we performed qRT-PCR analyses with primers to a selection of the ZC3H14-affected transcripts ( Fig. 1D ) normalized to the housekeeping gene, RPLP0, which was unaffected by ZC3H14 or PABPN1 knockdown. As shown in Fig. 1D , the fold-changes calculated by qRT-PCR analysis correlate strongly (r 2 ϭ 0.91) with the results of the microarray, supporting the validity of the genome-wide study.
The observation that PABPN1 knockdown affects a significant percentage of expressed transcripts supports the well studied role of PABPN1 in 3Ј end processing and polyadenylation of numerous mRNA transcripts (41) (42) (43) and is consistent with the previous study performed in HeLa cells (44) . We hypothesize that the significantly smaller number of transcripts that show altered steady-state level upon ZC3H14 knockdown represents a pool of transcripts that are regulated by ZC3H14 in a specific manner.
To determine how ZC3H14 alters target transcripts, we selected one robustly affected target for further analysis. The ATP synthase subunit C1, or ATP5G1, transcript is robustly decreased (ϳ3-fold) upon knockdown of ZC3H14 ( Fig. 1E) . In contrast to ZC3H14 knockdown, ATP5G1 mRNA levels are not affected by knockdown of PABPN1 ( Fig. 1F ), suggesting that it is not a general target of regulation by nuclear Pabs and that ATP5G1 may in fact be specifically regulated by ZC3H14.
To confirm that the effect of ZC3H14 on ATP5G1 steadystate levels is not limited to MCF-7 cells, we extended our analysis to a number of different human cells lines. As shown in Fig.  1G , we achieved robust knockdown of ZC3H14 in HeLa (cervical adenocarcinoma, ATCC CCL-2), HEK293 (embryonic kidney, ATCC CRL-1573), MB-231 (breast adenocarcinoma, ATCC HTB-26), and D556 (medulloblastoma (45)) cells. Total RNA isolated from these cells was used for qRT-PCR analysis with ATP5G1 and the control ribosomal protein, large P0 (RPLP0) primers. Results of this analysis revealed a consistent reduction of ATP5G1 steady-state mRNA levels across all cell lines tested. A, ZC3H14 is alternatively spliced to form at least four distinct protein isoforms (Iso1-4), three longer isoforms (Iso1-3), and a shorter isoform (Iso4). All isoforms contain the C-terminal (CCCH) 5 zinc finger domain (blue) that confers RNA binding. Isoforms 1-3 differ from one another only in selective inclusion of exons 10 -12 (teal and dark gray). These isoforms all contain an N-terminal proline tryptophan isoleucine-like (PWI-like) fold as well as a predicted cNLS. Consistent with the presence of a cNLS, Iso1-3 are all localized to the nucleus at steady state. ZC3H14 isoform 4 contains a distinct N-terminal exon (white). As the cNLS is absent from this isoform, Iso4 localizes to the cytoplasm at steady state. The ZC3H14 antibody used in this study recognizes the N-terminal domain of isoforms 1-3 (Antibody Epitope). The siRNAs employed in this study target two independent sequences within the region that encodes for the CCCH zinc fingers. B, to assess knockdown, MCF-7 cells transfected with Scramble (Scr.), ZC3H14 (ZC3), or PABPN1 (PAB) siRNA were subjected to immunoblot analysis with ZC3H14 or PABPN1 antibody and control antibodies to detect tubulin and heat shock protein 90 (HSP90). Robust knockdown of ZC3H14 (ϳ75-80%) and PABPN1 (ϳ60 -75%) was detected with no effect on tubulin or HSP90 (controls). C, total RNA isolated from MCF-7 cells transfected as in B was used for cDNA generation and hybridization to the Illumina BeadChip microarray platform. A schematic is shown indicating the relative number of transcripts that show a change (Ͼ1.5-fold) in steady-state level for each knockdown with size of circle representing fraction of transcripts impacted. Significance analysis of microarrays analysis revealed that 171 out of 13,918 (ϳ1%) of expressed transcripts in the transfected cells were affected (increased or decreased) by knockdown of ZC3H14 (101 increased and 70 decreased), whereas PABPN1 knockdown modulated 2,375 out of 13,722 (ϳ17%) expressed transcripts (1,285 increased and 1,090 decreased). D, fold-change values of select affected transcripts identified by the microarray analysis were plotted against fold-changes of the same select transcripts obtained by qRT-PCR analyses. Linear regression was used to determine the R 2 value of 0.91, which represents a significant correlation between the results of both analyses and validates the effect on the transcripts analyzed. E and F, total RNA isolated from MCF-7 cells treated with mock transfection (Mock), Scramble siRNA (siScr.), ZC3H14 (siZC3H14, E) or PABPN1 (siPABPN1, F) siRNA was used for cDNA generation and qRT-PCR analysis with transcript-specific primers to detect ATP5G1 and the control RPLP0 mRNA. Knockdown of ZC3H14 (E), but not PABPN1 (F), results in a significant decrease in ATP5G1 steady-state mRNA levels. G, HeLa, HEK293, MB-231, and D556 cells (left to right) were transfected with Scramble or ZC3H14 siRNA. Transfected cells were subjected to immunoblot analysis to confirm knockdown (top) with ZC3H14 and tubulin (control) antibodies as well as qRT-PCR analysis (bottom) with ATP5G1 and RPLP0 (control) primers. Robust knockdown of ZC3H14 in each cell type resulted in a significant decrease in ATP5G1 steady-state mRNA levels. Values represent the mean Ϯ S.E. for n ϭ 3 independent experiments. ** and *** represent p Յ 0.01 and p Յ 0.001, respectively.
A previous study demonstrated that MCF-7 cells produce 80% of their ATP by oxidative phosphorylation (the remaining 20% coming from glycolysis) (46) , whereas HeLa cells and many other cancer cell lines primarily use glycolysis for ATP production (47) . Because we eventually wanted to investigate whether knockdown of ZC3H14 had an impact on cellular ATP levels and energy metabolism via regulation of ATP5G1, we used the MCF-7 cell line for our analyses throughout this study.
Re-expression of ZC3H14 Isoform 1 (Iso1) Partially Rescues the Decrease in ATP5G1 Transcript-To confirm that the effect on ATP5G1 is due specifically to depletion of ZC3H14, we validated our results with two independent siRNAs and also performed a rescue experiment with siRNA-resistant Myctagged ZC3H14 constructs. We achieve robust knockdown of ZC3H14, accompanied by a decrease in ATP5G1 mRNA, with each individual ZC3H14 siRNA (supplemental Fig. 1 ). For the rescue experiment, we assessed the role of nuclear and cytoplasmic isoforms of ZC3H14. We co-transfected MCF-7 cells with ZC3H14 siRNA together with plasmids expressing Myc-ZC3H14 Iso1 (nuclear; see Fig. 1A ) or Myc-ZC3H14 Iso4 (cytoplasmic; see Fig. 1A ). As shown in Fig. 2A , both Myc-ZC3H14 isoform 1 and isoform 4 are robustly expressed. RNA isolated from these cells was used for cDNA generation and subsequent qRT-PCR analysis with primers to detect ATP5G1 and a control transcript, 18s rRNA. As shown in Fig. 2B , expression of the Myc-tagged ZC3H14 isoform 1 significantly rescues steadystate ATP5G1 mRNA levels when compared with knockdown alone. In contrast, Myc-ZC3H14 isoform 4 does not rescue the effect of ZC3H14 knockdown on ATP5G1 levels, suggesting that the nuclear isoform of ZC3H14 is required to regulate ATP5G1 mRNA. Although the rescue achieved with Myc-ZC3H14 isoform 1 is significant, levels of ATP5G1 mRNA are not fully restored. This partial rescue could be due to expression of a single isoform of ZC3H14 (Iso1) when the endogenous gene encodes multiple isoforms of the protein (see Fig. 1A ).
Together, these results demonstrate that the decrease of ATP5G1 mRNA levels is due to depletion of nuclear ZC3H14.
ZC3H14 Specifically Regulates the ATP5G1 Transcript-The ATP5G1 transcript encodes one of the 15 subunits of ATP synthase (33) , specifically subunit C. Subunit C is one of the transmembrane components of the F 0 portion of ATP synthase, which is responsible for proton translocation across the inner mitochondrial membrane (33) . The proton-driven rotation of subunit C and subsequent rotation of the F 1 stalk provide energy for ATP synthesis by subunit ␣ and ␤ in the mitochondrial matrix. Interestingly, the C subunit is composed of multiple copies (eight in humans (48)) of the C protein, which are derived from multiple genomic loci (32, 49, 50) . As schematized in Fig. 3A , the ATP5G1, ATP5G2, and ATP5G3 genes are nuclear-encoded genes that are transcribed from three separate genomic loci and give rise to unique mature mRNAs. These unique mRNAs encode precursor proteins that ultimately produce identical mature proteins that initially include distinct N-terminal peptides that are cleaved upon mitochondrial import (32, 49, 50) . Upon cleavage of the mitochondrial targeting peptides, the identical protein products derived from different genes are integrated into the C subunit ring at an undetermined stoichiometry.
Recent work suggests that although the three subunit C proteins are identical in sequence, they cannot functionally substitute for one another and are all required to constitute a fully functional C subunit (51, 52) . Previous studies show that the ATP5G1 transcript is expressed at the lowest levels among the three transcripts and is regulated distinctly from ATP5G2 or ATP5G3 (53, 54) . To determine the relative levels of ATP5G1, -2, and -3 in MCF-7 cells, we isolated RNA from untreated cells and performed qRT-PCR analysis with transcript-specific primers. As shown in Fig. 3B , the steady-state level of ATP5G1 mRNA is significantly lower than the level of ATP5G2 or ATP5G3 in these cells, consistent with previous observations (53, 54) . To determine whether the effect of ZC3H14 knockdown is specific to ATP5G1, we knocked down ZC3H14 and analyzed the steady-state level of each ATP5G mRNA in these samples. Consistent with the results of the microarray, ATP5G1 
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Indicated mRNA FIGURE 3 . ZC3H14 specifically regulates the ATP5G1 transcript. A, ATP5G1, ATP5G2, and ATP5G3 transcripts are transcribed from three separate genomic loci on chromosomes (Chr.) 17, 12, and 2, respectively. The ATP5G1, -2, and -3 genes and their corresponding mRNAs have varying lengths (reported in base pairs (bp) or nucleotides (nt); thin bars ϭ introns, thicker bands ϭ UTRs, and boxes ϭ coding regions) and encode distinct protein products (P1, P2, and P3). ATP5G2 is alternatively spliced to form two distinct mRNAs and subsequent protein products, P2a and P2b. The encoded protein products contain identical C termini with variable N-terminal mitochondrial targeting peptides (red, with the number of amino acids indicated) that are cleaved (red lightning bolt) upon import into the mitochondria. The resulting mature protein products (dark gray) are completely identical in amino acid sequence (76 amino acids). B, total RNA isolated from MCF-7 cells was used for qRT-PCR analysis with primers specific to each of the ATP5G mRNAs. The relative value of each ATP5G mRNA was calculated by 2 ∧ϪCt and is reported as relative units. C, MCF-7 cells transfected with Scramble control or ZC3H14 siRNA were subjected to RNA isolation and qRT-PCR analysis with primers specific to all three ATP5G mRNAs as well as the control transcript, RPLP0. Values are set to 1.0 for siScramble and normalized to RPLP0. Knockdown of ZC3H14 results in a specific and robust decrease in ATP5G1 steady-state mRNA levels. D, endogenous nuclear isoforms of ZC3H14 were immunoprecipitated from MCF-7 cells using either ZC3H14 antibody-bound protein A/G beads or control rabbit pre-immune serum-coated beads. Proteins from the input (I), unbound (UB), and bound (B) fractions were resolved on an SDS-polyacrylamide gel and subjected to immunoblotting with ZC3H14 antibody. The nuclear ZC3H14 isoforms were detected in the ZC3H14-bound fraction but not the pre-immune bound fraction. E, RNA isolated from the ZC3H14 RNA-IP was subjected to qRT-PCR analyses with GAPDH, RPLP0, ATP5G1, ATP5G2, ATP5G3, and ZC3H14 primers. mRNA levels in the ZC3H14 bound fractions were normalized to input levels and then compared by fold-enrichment over pre-immune control. Significant enrichment of ATP5G1, ATP5G3, and ZC3H14 transcripts was observed with ZC3H14 IP. Values represent the mean Ϯ S.E. for n ϭ 3 independent experiments. **, ***, and **** represent p Յ 0.01, p Յ 0.001, and p Յ 0.0001, respectively.
mRNA was the only subunit C mRNA affected by ZC3H14 knockdown, suggesting that ZC3H14 specifically regulates expression of ATP5G1 (Fig. 3C) . ZC3H14 Binds to mRNAs-Extensive in vitro binding studies demonstrate that ZC3H14 recognizes polyadenosine RNA via five evolutionarily conserved CCCH zinc fingers (15) , suggesting that ZC3H14 could bind to any and all polyadenylated mRNAs. However, in our microarray analysis, we observed a small number of transcripts that showed significant changes in steady-state levels upon ZC3H14 knockdown. We hypothesized that this relatively small number of affected transcripts represents a set of target transcripts that are both bound and regulated at the steady-state RNA level by ZC3H14. To test whether ZC3H14 binds to ATP synthase subunit C mRNAs, we subjected MCF-7 cells to RNA-IP analyses using ZC3H14 antibody-conjugated protein A/G beads. As shown in Fig. 3D , ZC3H14 is enriched in the anti-ZC3H14 bound fraction with no purification in the pre-immune control bound fraction. To identify RNA transcripts that co-purify with ZC3H14, qRT-PCR analysis was performed ( Fig. 3E ). ATP5G1 mRNA is significantly enriched with ZC3H14. Significant enrichment of ATP5G3 mRNA is also detected, suggesting that although ZC3H14 can bind to both transcripts, it specifically modulates the steady-state level of only ATP5G1 (Fig. 3C) .
A previous study in S. cerevisiae demonstrated that the ZC3H14 ortholog, Nab2, binds and autoregulates the levels of its own mRNA transcript via an internal encoded stretch of 26 adenosines within the 3ЈUTR (55) . Like Nab2, the human ZC3H14 3ЈUTR contains an internal stretch of 15 adenosines that could confer binding by ZC3H14. Consistent with many other RNA-binding proteins that bind their own transcripts (56), we observe robust enrichment of ZC3H14 mRNA upon purification of ZC3H14, suggesting that this mode of autoregulation is conserved in human cells. A number of other transcripts, including GAPDH, RPLP0, and ATP5G2, were not significantly enriched upon ZC3H14 purification. Together, these results suggest that ZC3H14 binds to specific transcripts, such as ATP5G1, in MCF-7 cells.
ZC3H14 Modulates the Decay of ATP5G1 mRNA-The finding that ZC3H14 knockdown decreases steady-state ATP5G1 mRNA levels suggests that ZC3H14 modulates the transcription, processing, and/or the stability of the ATP5G1 transcript. Previous work in orthologous systems demonstrates that ZC3H14 has specificity for polyadenosine RNA (15) and plays a role in poly(A) tail length control (24) , mRNA export (25), target transcript stability (28) , and RNA quality control in the nucleus (29, 30) ; however, we cannot rule out the possibility that ZC3H14 affects ATP5G1 transcription. To test for transcriptional changes to ATP5G1, -2, or -3 upon knockdown of ZC3H14, we performed qRT-PCR analyses with transcriptspecific primers to amplify the pre-mRNAs for each of the three subunit transcripts (see Fig. 6B ). As shown in Fig. 4A , no change in steady-state pre-mRNA levels of ATP5G1, ATP5G2, or ATP5G3 is detectable following treatment with control or ZC3H14 siRNA, suggesting that a decrease in ZC3H14 does not alter transcription of the ATP5G mRNAs. As expected, siRNA treatment did not impact the steady-state level of the negative control transcript, RPLP0, pre-mRNA.
The decrease in ATP5G1 mRNA levels upon ZC3H14 knockdown without any identifiable change in ATP5G1 transcription suggests that ZC3H14 may modulate the stability of the ATP5G1 transcript. To assess any changes in the half-life of ATP5G1 upon ZC3H14 knockdown, we first determined the half-life of the ATP5G transcripts in MCF-7 cells. To do this, we treated cells with the potent transcriptional inhibitor, actinomycin-D (ActD) (57) , and collected cells at 0, 6, 9, and 12 h after drug addition. To calculate the percent mRNA remaining over the time course, we performed qRT-PCR analysis with primers specific to the ATP5G transcripts as well as the control RPLP0 transcript (Fig. 4B ). As shown in Fig. 4B , the ATP5G transcripts show a relatively slow decay over the course of the experiment, with predicted half-lives of more than 12 h, which is longer than the average mRNA half-life of ϳ9 h (58) . These results suggest that the ATP5G mRNAs are fairly stable transcripts.
To determine whether ZC3H14 modulates the stability of the ATP5G mRNAs, we transfected MCF-7 cells with scrambled and ZC3H14-specific siRNA followed by treatment with ActD. Cells collected at 0, 6, 9, and 12 h after ActD treatment were analyzed by qRT-PCR to assess % ATP5G1 mRNA remaining relative to time 0. We achieve robust knockdown of ZC3H14 in these samples, and the steady-state level of ZC3H14 remains low in the siZC3H14 samples over the time course of the experiment (supplemental Fig. 2A ). As shown in Fig. 4C , qRT-PCR analysis of the transfected cell populations reveals a small but significant decrease in ATP5G1 mRNA stability upon knockdown of ZC3H14 as compared with control Scramble siRNA. The predicted half-life of ATP5G1 mRNA from the siScramble samples is 17 h, compared with an 11-h half-life upon ZC3H14 knockdown. We do not, however, observe a significant difference in the decay of the ATP5G2 and -3 transcripts (Fig. 4, D and E) or the control transcript, RPLP0 (Fig.  4F) , providing further evidence for specific regulation of the ATP5G1 transcript by ZC3H14. These results suggest that one possible mode of ZC3H14-mediated regulation of ATP5G1 is through altered transcript stability. However, transcript decay typically occurs in the cytoplasm (59), and we observe rescue of ATP5G1 mRNA levels specifically with a nuclear isoform of ZC3H14.
Improperly processed transcripts that escape to the cytoplasm can be rapidly degraded via the nonsense-mediated decay (NMD) machinery (60, 61) . One of the primary effectors of NMD is the UPF1 protein, which cooperates with other NMD components to recruit various mRNA decay factors (60 -62) . We hypothesize that the observed decrease in ATP5G1 steady-state mRNA levels upon knockdown of ZC3H14 could be due to aberrant export of improperly processed ATP5G1 transcripts to the cytoplasm resulting in rapid degradation via NMD. To test this hypothesis, we analyzed ATP5G1 and RPLP0 transcript levels from cells treated with siRNA targeting UPF1, ZC3H14, or both. As shown in Fig. 4G , we achieve robust knockdown of both ZC3H14 and UPF1 in their respective samples. Knockdown of UPF1 causes an increase in the steady-state level of the ATP5G1 transcript (Fig. 4H, siUPF1) suggesting that ATP5G1 can be regulated by NMD. Consistent with this suggestion, double knockdown of ZC3H14 and UPF1 results in a significant rescue of ATP5G1 mRNA levels compared with ZC3H14 Ensures Proper Processing of ATP5G1 Pre-mRNA OCTOBER . ZC3H14 modulates the decay of ATP5G1 mRNA. A, total RNA isolated from MCF-7 cells treated with mock transfection, Scramble, or ZC3H14 siRNA was used for qRT-PCR analysis with primers that amplify ATP5G1, -2, -3, and RPLP0 pre-mRNAs as well as mature RPLP0 mRNA. Pre-mRNA levels of each transcript are normalized to levels of mature RPLP0 (set to 1.0), and no significant difference was observed in pre-mRNA levels of these transcripts upon ZC3H14 knockdown. B, MCF-7 cells were treated with the transcriptional inhibitor, ActD, and collected at the indicated time points after drug addition. Total RNA isolated from ActD-treated cells was subjected to qRT-PCR analysis with ATP5G1, ATP5G2, ATP5G3, and 18S rRNA (control) primers. mRNA levels were normalized to time 0 and are represented as % of amount present at time 0. The predicted half-lives of ATP5G1 and ATP5G2 were calculated to be ϳ21.0 h, although the predicted half-life ATP5G3 was shorter at ϳ13.3 h. To examine differences in stability of the ATP5G transcripts upon ZC3H14 knockdown, MCF-7 cells transfected with Scramble or ZC3H14 siRNA were treated with ActD and collected at the indicated time points after drug addition. qRT-PCR analysis of total RNA isolated from these samples with primers specific to ATP5G1, -2, -3, and RPLP0 mRNAs demonstrates a modest but significant decrease in ATP5G1 mRNA stability (C) with no difference in the decay rate of the other transcripts examined (D-F). mRNA levels were normalized to time 0 and are represented as % mRNA remaining. To determine whether ZC3H14 is involved in proper processing of ATP5G1 mRNA, MCF-7 cells were transiently transfected with Scramble, UPF1, ZC3H14, or UPF1/ZC3H14 (siBoth) siRNA. Transfected cells were subjected to immunoblot analysis (G) with ZC3H14, UPF1, and tubulin (control) antibodies and qRT-PCR analysis (H) with primers specific to ATP5G1 and control transcript, RPLP0. Double knockdown of ZC3H14 and UPF1 results in a significant rescue of ATP5G1 mRNA levels compared with ZC3H14 knockdown alone, suggesting that loss of ZC3H14 results in a pre-mRNA processing defect of ATP5G1 upstream of NMD. Data points represent the mean Ϯ S.E. for n ϭ 3 independent experiments. *, **, and # represent p Յ 0.05, p Յ 0.01, and p ϭ 0.056, respectively.
ZC3H14 Ensures Proper Processing of ATP5G1 Pre-mRNA
knockdown of ZC3H14 alone (Fig. 4H ), suggesting that knockdown of ZC3H14 disrupts a pre-mRNA-processing event upstream of cytoplasmic NMD.
ZC3H14 Interacts with ATP5G1 mRNA in the Nucleus- Fig.  2 provides evidence that nuclear ZC3H14 (isoform 1) partially rescues ATP5G1 transcript levels, suggesting a nuclear role for ZC3H14 in regulating ATP5G1. To extend this result and examine the effect of ZC3H14 knockdown in the nuclear and cytoplasmic compartments, we transfected cells with Scramble or ZC3H14 siRNA and collected cells 48 h later. Whole cell, nuclear, and cytoplasmic lysates were collected by nucleocyto-plasmic fractionation, as described under "Experimental Procedures." To confirm robust knockdown in these samples as well as efficient fractionation, we immunoblotted with ZC3H14, Tubulin, and HuR antibodies (Fig. 5A ). As expected, tubulin is enriched in the cytoplasmic fraction, and the RNA-binding protein, HuR (63) , is detected primarily in the nuclear fraction, confirming efficient fractionation of these cells. The lower exposure (Fig. 5A, Low Exp. ) blot of ZC3H14 demonstrates robust knockdown of ZC3H14 as well as clear steady-state nuclear localization of ZC3H14. The higher exposure (High Exp.) blot reveals a small pool of ZC3H14 that is either normally . ZC3H14 binds to ATP5G1 mRNA in the nucleus. To determine whether ZC3H14 knockdown impacts ATP5G1 mRNA levels in a specific compartment, MCF-7 cells were transiently transfected with either Scramble (Scr.) or ZC3H14 (ZC) siRNA and then fractionated to analyze the nuclear and cytoplasmic compartments. A, protein from whole cell (W.C.), nuclear (Nuc.), and cytoplasmic (Cyto.) samples were subjected to immunoblot analysis with ZC3H14, tubulin (cytoplasmic), and HuR (nuclear) antibodies. As expected and consistent with efficient fractionation, HuR and tubulin display primarily nuclear and cytoplasmic localizations, respectively. Consistent with a previous study demonstrating steady-state nuclear localization of ZC3H14 in HeLa cells (13) , we detect ZC3H14 primarily in the nucleus of MCF-7 cells. Robust knockdown of ZC3H14 in the whole cell and nuclear fractions is shown in the lower exposure blot (Low Exp.). A higher exposure (High Exp.) of the same blot demonstrates robust knockdown of the small cytoplasmic pool of ZC3H14 in the cytoplasmic fraction as well. B, total RNA isolated from samples in A was used for cDNA generation and qRT-PCR analysis with GAPDH, ZC3H14, and ATP5G1 primers. Knockdown of ZC3H14 resulted in a robust decrease of ZC3H14 and ATP5G1 steady-state mRNA levels detected in both the nucleus and cytoplasm. To determine whether ZC3H14 interacts with ATP5G1 mRNA in the nucleus and/or cytoplasm, MCF-7 cells were subjected to nucleocytoplasmic fractionation followed by RNA-IP, as described under "Experimental Procedures." C, proteins from the input (I), unbound (UB), and bound (B) fractions were subjected to immunoblot analysis with ZC3H14 antibody as well as HuR and tubulin antibodies to confirm efficient fractionation. We achieve robust enrichment of ZC3H14 in each compartment. As expected, HuR and tubulin are present primarily in the nuclear and cytoplasmic fractions, respectively. D, total RNA isolated from the ZC3H14 RNA-IP in each compartment was subjected to qRT-PCR analysis with GAPDH, ATP5G1, and ZC3H14 primers. mRNA levels in the ZC3H14-bound fraction of each compartment were normalized to input levels and then compared by fold-enrichment over pre-immune control. Significant enrichment of GAPDH, ATP5G1, and ZC3H14 mRNAs was observed in the nucleus; however, ZC3H14 was the only transcript significantly enriched in the cytoplasmic samples. Data points represent the mean Ϯ S.E. for n ϭ 3 independent experiments. *, ***, and **** represent p Յ 0.05, p Յ 0.001, and p Յ 0.0001, respectively.
present in the cytoplasm of these cells or could be the result of inefficient fractionation; however, this observed fraction of ZC3H14 is also reduced upon ZC3H14 knockdown (Fig. 5A) .
To determine whether the steady-state level of ATP5G1 mRNA is decreased in a specific compartment upon ZC3H14 knockdown, we collected RNA from the nuclear and cytoplasmic samples in Fig. 5A and performed qRT-PCR analyses to detect the GAPDH, ZC3H14, and ATP5G1 transcripts. As shown in Fig. 5B , steady-state ATP5G1 mRNA levels decrease in both the nuclear and cytoplasmic compartments, suggesting that the effect of ZC3H14 knockdown of ATP5G1 mRNA levels is, at least in large part, a nuclear event leading to depletion of nuclear transcripts. As expected, ZC3H14 mRNA levels decrease significantly upon knockdown with no change in the steady-state levels of the control GAPDH transcript.
Given the decrease in ATP5G1 mRNA in the nucleus detected upon ZC3H14 knockdown, we predict that ZC3H14 binds and regulates the ATP5G1 transcript in the nucleus. To determine whether ZC3H14 binds preferentially to ATP5G1 mRNA in the nucleus and/or cytoplasm of MCF-7 cells, we performed ZC3H14 RNA-IP analyses on fractionated nuclear and cytoplasmic lysates. Fig. 5C shows efficient fractionation of these cells, as evidenced by the primarily cytoplasmic and nuclear localization of tubulin and HuR, respectively. We also detect significantly more ZC3H14 in the nuclear samples than in the cytoplasmic samples, as expected (13) . Despite the difference in ZC3H14 levels between the two compartments, ZC3H14 is robustly enriched in the bound fraction from each compartment, with no ZC3H14 enrichment in the pre-immune control samples (Fig. 5C ).
RNA isolated from input and bound fractions within each compartment was subjected to qRT-PCR analyses to detect GAPDH, ATP5G1, and ZC3H14. As shown in Fig. 5D , ATP5G1 mRNA is significantly enriched upon purification of ZC3H14 in the nucleus but not in the cytoplasm. GAPDH mRNA is also modestly, albeit significantly, enriched in the nuclear fraction only. Interestingly, ZC3H14 mRNA is robustly enriched in both the nuclear and cytoplasmic fractions, suggesting that the mode of ZC3H14 binding to its cognate mRNA is different from other mRNAs examined, potentially via interactions with the conserved internal polyadenosine sequence in the 3ЈUTR. Together, these data suggest that ZC3H14 interacts with the ATP5G1 transcript specifically in the nucleus and that ZC3H14 may play a role in modulating nuclear processing events involved in the maturation of ATP5G1 mRNA.
ZC3H14 Interacts Preferentially with ATP5G1 Pre-mRNA and Ensures Proper Pre-mRNA Processing-The findings that ZC3H14 interacts with the ATP5G1 transcript exclusively in the nucleus and that ATP5G1 is targeted by NMD suggest that ZC3H14 could interact with the ATP5G1 pre-mRNA to ensure proper pre-mRNA processing. To test this idea, we performed qRT-PCR analyses with RPLP0, RPLP0 pre-mRNA, ATP5G1, ATP5G1 pre-mRNA, and ZC3H14 primers on RNA isolated from the input and bound fractions of ZC3H14 RNA-IPs (Fig.  3E) . As in all other experiments, the primers to detect ATP5G1 and RPLP0 span an exon/exon boundary and thus specifically detect mature mRNA (Fig. 6B) . Consistent with previous analyses, the ATP5G1 and ZC3H14 mRNAs are robustly enriched upon purification of ZC3H14 ( Fig. 6A ) with no enrichment of the control RPLP0 mRNA. Intriguingly, ATP5G1 and RPLP0 pre-mRNAs are also enriched upon ZC3H14 purification, in fact at significantly higher levels than their respective mature mRNAs (Fig. 6A ). This result suggests that ZC3H14 ensures the proper nuclear maturation of a specific subset of target RNAs that includes ATP5G1.
Previous studies performed in budding yeast provide evidence that Nab2 is involved in the generation of export-competent messenger ribonucleoproteins and retention of improperly processed RNAs (26, 29, 30) . Consistent with a similar function for ZC3H14, ATP5G1 pre-mRNA levels increase in the cytoplasm upon ZC3H14 knockdown (Fig. 6B) , resulting in a significantly decreased nuclear/cytoplasmic ratio of ATP5G1 pre-mRNA in cells depleted of ZC3H14. As expected, no significant changes in the levels or distribution of the control RPLP0 pre-mRNA were observed (Fig. 6B) .
Knockdown of ZC3H14 Causes Mitochondrial Fragmentation Phenocopying Loss of ATP5G1-As schematized in Fig. 3A , the mature protein products of the mitochondrial C subunit 
A.
A T P 5 G 1 M a t u r e M a t u r e FIGURE 6. ZC3H14 interacts with ATP5G1 pre-mRNA. A, to determine whether ZC3H14 interacts with ATP5G1 pre-mRNA, RNA isolated from ZC3H14-precipitated MCF-7 cell lysates (see Fig. 3D ) were subjected to qRT-PCR analysis with mature RPLP0 mRNA, RPLP0 pre-mRNA (Pre-RPLP0), mature ATP5G1 mRNA, ATP5G1 pre-mRNA (Pre-ATP5G1), and ZC3H14 primers. Consistent with the results from Fig. 3E , we observe significant enrichment of ATP5G1 and ZC3H14 mRNAs in the ZC3H14 bound fraction. Interestingly, we observe significantly higher enrichment of RPLP0 and ATP5G1 pre-mRNA levels compared with their respective mature transcripts. B, total RNA isolated from cells transfected with Scramble and ZC3H14 siRNA followed by nucleocytoplasmic fractionation (as described under "Experimental Procedures") were subjected to qRT-PCR analysis with primers to detect ATP5G1 (left) and RPLP0 (right) pre-mRNA. A schematic of the coding exons (colored boxes) and introns (black line) of the ATP5G1 and RPLP0 transcripts are represented above the respective graph. Primers used to detect pre-mRNA and mature mRNA are represented with gray and black arrows, respectively. The nuclear/cytoplasmic (N/C) ratio of ATP5G1 pre-mRNA is significantly decreased upon ZC3H14 knockdown, likely due to the increased cytoplasmic levels of ATP5G1 pre-mRNA. The nuclear/cytoplasmic ratio of RPLP0 pre-mRNA is unchanged upon ZC3H14 knockdown. Data points represent the mean Ϯ S.E. for n ϭ 3 independent experiments. *, **, ***, and **** represent p Յ 0.05, p Յ 0.01, p Յ 0.001, and p Յ 0.0001, respectively.
ZC3H14 Ensures Proper Processing of ATP5G1 Pre-mRNA
encoded by the ATP5G genes are identical, preventing us from determining whether knockdown of ZC3H14 results in a specific decrease in the level of ATP5G1 protein. However, previous studies demonstrated that ATP5G1 is rate-limiting for ATP synthase assembly and function and therefore is critical for overall function of the complex and determining cellular ATP levels (64, 65) . We hypothesized that if the ZC3H14-dependent reduction of ATP5G1 mRNA results in a decrease in steady-state protein levels, then we should observe a decrease in total cellular ATP levels. To determine whether knockdown of ZC3H14 modulates cellular ATP levels, we performed a cellular ATP extraction followed by a luciferase-based ATP quantification assay (Fig. 7A) . As a control, treatment of cells with the electron transport chain inhibitor, rotenone (66), resulted in a significant decrease in cellular ATP levels (Fig. 7A ). Cells treated with siRNA targeting C. FIGURE 7 . Knockdown of ZC3H14 results in fragmented mitochondria. A, to assess cellular ATP levels, cells treated with vehicle control, the electron transport chain inhibitor, rotenone, Scramble siRNA, or siRNA targeting ATP5G1 or ZC3H14 were subjected to boiling water extraction and ATP level quantification using a luciferase-based assay. Cellular ATP levels are normalized to vehicle control or siScramble, which are both set to 1.0 and plotted as relative ATP levels. ZC3H14 knockdown results in decreased cellular ATP levels similar to that observed with rotenone treatment or knockdown of ATP5G1. B, cells treated with a mock transfection, Scramble siRNA, or ZC3H14 siRNA were harvested, and total RNA was used for qRT-PCR analyses. Primers specific to one representative nuclear-encoded mitochondrial mRNA from each OXPHOS complex as well as the control transcript, RPLP0, were used to assess any overall impact of ZC3H14 knockdown on steady-state levels of transcripts encoding OXPHOS components I, NDUFA4; II, SDHB; III, UQCRFS1; IV, CoxIV, and V, ATP5B (67) . Relative mRNA values for each OXPHOS mRNA from mock transfection are set to 1.0. C, MCF-7 cells transfected with either Scramble (siScramble), ATP5G1 siRNA (siATP5G1), or ZC3H14 (siZC3H14) were fixed, permeabilized, and subjected to immunofluorescence with cytochrome c antibody. Insets are enlarged from the boxed regions of cells to better highlight mitochondrial morphology. Mitochondrial morphology in cells transfected with scrambled siRNA was indistinguishable from cells transfected with no siRNA (data not shown). D, cells from C were scored for the presence of normal or fragmented mitochondria. Data are represented as a mean averaged from three independent experiments (n ϭ 304 for mock transfected cells, 311 for scrambled siRNA, 307 for ZC3H14 siRNA, and 307 for ATP5G1 siRNA). The difference between control cells treated with Scramble siRNA and either ZC3H14 or ATP5G1 siRNA-treated cells was statistically significant. ZC3H14 Ensures Proper Processing of ATP5G1 Pre-mRNA OCTOBER 21, 2016 • VOLUME 291 • NUMBER 43
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ATP5G1 directly or ZC3H14 also displayed significantly decreased cellular ATP levels confirming that ZC3H14 impacts the function of ATP5G1 (Fig. 7A ).
To extend our analysis to other electron transport chain, or oxidative phosphorylation (OXPHOS) machinery mRNAs, we compared control cells treated with Scramble siRNA to cells depleted for ZC3H14 and then performed qRT-PCR with primers specific to a set of transcripts that represent nuclear-encoded mitochondrial proteins from each of the five OXPHOS complexes (I, NDUFA4; II, SDHB; III, UQCRFS1; IV, CoxIV; and V, ATP5B) (67) . As shown in Fig. 7B , no change in steadystate levels of the OXPHOS subunit mRNAs examined was detected, supporting the idea that ZC3H14 does not play a general role in regulating OXPHOS or mitochondrial mRNAs.
A previous study demonstrated that decreasing the steadystate level of ATP5G1 mRNA results in altered mitochondrial morphology (68) , consistent with the idea that proper mitochondrial health and function are critical for normal mitochondrial morphology (69, 70) . These data, together with our observation that knockdown of ZC3H14 results in a significant decrease in steady-state ATP5G1 levels and cellular ATP levels, suggest that the loss of ZC3H14 could affect mitochondrial morphology. To assess mitochondrial morphology, we transfected cells with siScramble, siATP5G1, or siZC3H14. After 72 h, we fixed cells and stained for either cytochrome c (a mitochondrial intermembrane space protein (71)) or HSP60 (a mitochondrial matrix protein (72)). Control cells either treated with no siRNA (data not shown) or treated with scrambled siRNA (Fig. 7C, left panel) exhibited normal mitochondria with a tubular threadlike morphology. In agreement with previous work (52), we observed a fragmented mitochondrial phenotype in cells transfected with ATP5G1 siRNA (Fig. 7C, middle  panel) . Consistent with the observation that ZC3H14 decreases the steady-state level of ATP5G1, we also observed a similar degree of mitochondrial fragmentation in cells treated with siZC3H14 ( Fig. 7C, right panel) . For quantification, cells were scored on the basis of normal mitochondria (predominantly tubular) or fragmented mitochondria (predominantly spherical). As quantified in Fig. 7D , samples transfected with either ZC3H14 or ATP5G1 siRNA had three times as many cells with fragmented mitochondria as control cells, representing 30% of the cell population. We estimate an ϳ60% transfection efficiency in the MCF7 cells, so this 30% represents roughly half of transfected cells that show altered mitochondrial morphology. Therefore, we conclude that loss of ZC3H14 causes mitochondrial fragmentation and phenocopies the loss of ATP5G1.
Mitochondrial fragmentation is commonly observed in cells undergoing apoptosis (73) . To determine whether knockdown of ATP5G1 or ZC3H14 induces apoptosis causing the observed mitochondrial fragmentation phenotype, we analyzed levels of cleaved PARP. PARP is cleaved during programmed cell death (74) and is therefore a marker for apoptosis. As shown in Fig.  7E , treatment of cells with staurosporine, a protein kinase C inhibitor and potent inducer of apoptosis (75) , resulted in PARP cleavage. However, treatment of cells with mock transfection, siScramble, siZC3H14, or siATP5G1 caused no detectable PARP cleavage product, showing that cells treated with these siRNAs are not undergoing apoptosis. Furthermore, no evidence of cytochrome c release (another marker of cells undergoing apoptosis (76) ) was observed in the mitochondrial analysis of siRNA-treated cells (Fig. 7C) , providing additional support that knockdown of ZC3H14 or ATP5G1 does not trigger apoptosis. Together, these results suggest that loss/reduction of ZC3H14 results in decreased ATP5G1 mRNA levels, ultimately leading to decreased cellular ATP levels and mitochondrial fragmentation.
Discussion
In this study, we performed a genome-wide analysis to assess the impact of ZC3H14 depletion on the steady-state levels of mRNA transcripts. Compared with cells treated with PABPN1 siRNA, which displayed a modulation (Ն1.5-fold increase or decrease) in the steady-state level of ϳ17% of all expressed transcripts, knockdown of ZC3H14 leads to a significant change in the steady-state level of only ϳ1% of all expressed transcripts. This result was surprising given that, like PABPN1, ZC3H14 is a polyadenosine RNA-binding protein (15, 20) . There are several possible interpretations of the finding that the steady-state level of a rather smaller number of polyadenylated mRNAs is impacted upon depletion of ZC3H14. First, ZC3H14 could impact gene expression in a manner that does not alter steadystate polyadenylated mRNA levels. For instance, ZC3H14 could modulate the localization and/or translation of target transcripts. The microarray employed also would not detect changes in mRNA export from the nucleus or even splicing within the nucleus. Although the microarray platform employed can detect some common splice variants of certain genes, we are limited in the splicing events that we can observe upon depletion of ZC3H14. Second, depletion of ZC3H14 could impact RNA transcripts not present on the microarray platform such as long noncoding RNAs or miRNAs. Finally, despite biochemical evidence for high affinity binding specifically to polyadenosine RNA (15), ZC3H14 could achieve transcript specificity either through different modes of binding or via interactions with sequence-specific RNA-binding proteins. To address these questions, specific targets of ZC3H14 must be identified and examined.
There are a number of candidate targets identified from the microarray analysis that show a change in the steady-state level upon knockdown of ZC3H14, suggesting that ZC3H14 may regulate the transcription, processing, and/or stability of this subset of mRNAs. To understand how a polyadenosine RNAbinding protein such as ZC3H14 could impact specific target mRNAs, we selected the ATP5G1 transcript for further analysis. The steady-state level of ATP5G1 mRNA is robustly decreased upon knockdown of ZC3H14 but not upon knockdown of PABPN1, suggesting that this transcript is a specific target of ZC3H14.
The data presented in this study support a model ( Fig. 8, left  panel) where ZC3H14 interacts with pre-mRNAs in the nucleus, possibly via interactions with the poly(A) tail, and ensures proper post-transcriptional processing of specific pre-mRNAs (such as ATP5G1). The coupling of these processing events leads to the generation of export-competent mRNPs and prevents aberrantly/incompletely processed mRNAs from exiting the nucleus. In cells with reduced levels of ZC3H14 ( Fig. 8, right panel) , ZC3H14 is not present to ensure proper processing of target mRNAs, resulting in decreased production of mature target mRNAs (such as ATP5G1) and an increase in improperly/incompletely processed mRNAs in the cytoplasm. As depicted in the model, the decreased level of properly processed, export-competent mRNAs such as ATP5G1 results in altered cellular respiration and defects in mitochondrial morphology.
Extensive biochemical studies demonstrate that ZC3H14/ Nab2 binds polyadenosine RNA with high affinity (15) and plays an evolutionarily conserved role in poly(A) tail length regulation (12, 24, 31) , supporting a model where ZC3H14 likely binds to the poly(A) tails added to virtually all mRNA transcripts. However, the results from our microarray analysis suggest that ZC3H14 could regulate specific mRNA targets in MCF-7 cells. Motif analyses performed on 3ЈUTR sequences of the 171 transcripts affected by ZC3H14 knockdown reveal a significant representation of A-rich stretches. However, additional studies will be required to determine whether these sequences are enriched within these transcripts relative to the transcriptome as well as whether ZC3H14 could interact with these sequences. Consistent with previous work on S. cerevisiae Nab2, we detected ZC3H14 binding to its cognate mRNA in both the nuclear and cytoplasmic compartments of MCF-7 cells (Fig. 5D ). ZC3H14 binding to other transcripts analyzed in the fractionation/RNA-IP experiment was detected only in the nucleus, suggesting that ZC3H14 may interact with its cognate transcript in a distinct manner compared with the other transcripts analyzed, perhaps via the A 15 sequence present in the ZC3H14 3ЈUTR.
There are a number of different models for how ZC3H14 could interact with and impact a specific subset of mRNA transcripts. ZC3H14 could have protein binding partners that pro-vide specificity for target transcripts. For instance, the cytoplasmic Pab, PABPC1, interacts with the human antigen R (HuR) protein, and this interaction is required for the specific stabilization of the ␤-casein mRNA (77) . Our results suggest that ZC3H14 binds preferentially to pre-mRNA transcripts, so perhaps ZC3H14 has binding partners that interact specifically with pre-mRNAs and confer transcript specificity. Alternatively, ZC3H14 could achieve specificity by binding to polyadenosine sequences other than the poly(A) tail. A recent transcriptome-wide analysis revealed that internal, templated polyadenosine stretches are present in a significant number of mRNA transcripts, predominantly in intronic and 3ЈUTR sequences (20) , and therefore could confer specificity to Pabs for target transcripts that contain such additional A-rich sequences. In fact, a recent co-crystal structure of Chaetomium thermophilum Nab2 bound to polyadenosine RNA reveals an RNA-binding module composed of three CCCH zinc fingers that interact with varying numbers of adenosine residues (78) . Given that at most two adjacent adenosines can be visualized in this complex of Nab2 zinc fingers bound to oligo(A) (78), Nab2/ ZC3H14 could bind to sequences with precise spacing between adenosines and recognize a motif other than homopolymeric adenosine that has not yet been delineated. Consistent with this idea, S. cerevisiae Nab2 can be detected associated with chromatin throughout the genome (30) . Further studies will be required to distinguish between these potential modes for ZC3H14 to mediate transcript-specific effects.
Analysis of whole cell lysates across an actinomycin D time course reveals a modest decrease in ATP5G1 mRNA stability upon knockdown of ZC3H14 (Fig. 4C ). Typically such effects reflect a change in the cytoplasmic pool of mRNA, suggesting a role for RNA-binding proteins in the cytoplasm. In fact, we do detect a small pool of ZC3H14 isoforms 1-3 in the cytoplasm (Fig. 5A ). However, introduction of isoform 1 but not the cytoplasmic isoform (Iso4) rescues ATP5G1 mRNA levels (Fig. 2 ), suggesting a nuclear role for ZC3H14 in modulating this target mRNA. These observations led us to investigate compartmentspecific functions of ZC3H14 (Figs. 5 and 6) as well as interplay between ZC3H14 and the NMD machinery (Fig. 4H) .
The results from the fractionation studies not only demonstrate that ZC3H14 binds to the ATP5G1 transcript in the nucleus but also provide evidence for a role in ensuring proper pre-mRNA processing of target transcripts prior to exiting the nucleus. These findings are consistent with a recent study in Schizosaccharomyces pombe that demonstrates a role for the fission yeast ortholog of ZC3H14, Nab2, in acting at the level of the unspliced pre-mRNA and preventing degradation by the nuclear exosome to ensure proper maturation of target transcripts (79) . We hypothesize that the inability to ensure the proper nuclear processing of the ATP5G1 pre-mRNA results in a significant decrease in the levels of mature ATP5G1 mRNA in the cytoplasm due to rapid degradation of improperly processed ATP5G1 mRNA via NMD. Consistent with this model, we observe a significant rescue of ATP5G1 mRNA levels upon double knockdown of ZC3H14 and UPF1, a key NMD factor (Fig. 4H ). Together, these results suggest that ZC3H14 ensures the proper processing and regulated export of ATP5G1 mRNA from the nucleus. In cells with reduced levels of ZC3H14, improperly processed transcripts such as ATP5G1 are rapidly engaged and degraded by NMD, leading to a significant decrease in mature mRNA and subsequent protein levels. The observed decrease in ATP5G1 steady-state levels correlates with decreased cellular ATP levels and a striking mitochondrial fragmentation phenotype, phenocopying loss of ATP5G1.
The protein product of ATP5G1 is critical for maintaining cellular energy levels, as evidenced by the fact that ATP synthase function is determined by ATP5G1 levels in certain tissues (65) . ATP5G1 is the most evolutionarily divergent of the three C subunit genes (53) and is regulated differently from ATP5G2 and ATP5G3 at the transcriptional level (53) as well as in response to various stimuli (80) . Aside from this study, the only other work examining the post-transcriptional processing of the ATP5G1 transcript is from studies performed in rat neuronal cells, which demonstrate that the ATP5G1 transcript is localized to and locally translated in axonal tips (68) and is a functional target of miR-338 (81) . Loss of ATP5G1 expression specifically in axons resulted in decreased ATP levels, increased reactive oxygen species, and an attenuation of axonal growth rates (68), suggesting that ATP5G1 plays a key role in maintaining proper energy metabolism in neurons. The data presented in this study provide evidence for an additional mechanism that cells employ to ensure tight regulation of ATP5G1 and, in turn, proper ATP production. Furthermore, this study reveals another example of how ATP5G1 is specifically and differentially regulated as compared with the other ATP5G mRNAs and their respective protein products.
The ATP5G1 transcript not only serves as a good target for delineating the role of ZC3H14 in post-transcriptional processing but also provides possible insight into the molecular mechanisms that could contribute to intellectual disability in patients with mutations in ZC3H14 (12) . The observed general effect on ATP5G1 detected upon ZC3H14 knockdown in multiple diverse cell lines (including a human neuronal cell line; Fig.  1G ) supports the model that ZC3H14 plays a conserved and important role in neurons. Recent work on D. melanogaster Nab2 (dNab2) provides evidence for the critical role of this protein in neurons. Re-expression of dNab2 specifically in the neurons of dNab2 null flies rescues developmental and locomotor defects observed in these mutant flies (12, 31) . Importantly, in a trans-species rescue experiment, the nuclear isoform of ZC3H14, isoform 1, but not the cytoplasmic isoform 4, can also rescue dNab2 mutant phenotypes, providing evidence for the critical function of ZC3H14 in neurons (12, 31) . The fractionation studies presented here as well as rescue of fly phenotypes by nuclear ZC3H14 are consistent with the model where ZC3H14 is critical for proper maturation of specific target mRNAs within the nucleus.
Properly functioning mitochondria are clearly important in all cell types, but particularly in neurons, which are responsible for the consumption of 25 and 20% of our daily glucose and oxygen, respectively (82, 83) . Neurons rely almost exclusively on ATP production via oxidative phosphorylation (84) and are unable to switch to glycolysis when oxidative phosphorylation becomes limited (85) . In this study, we found an ϳ30% drop in cellular ATP levels with knockdown of either ZC3H14 or ATP5G1. In particular, knockdown of either protein caused a loss of ATP similar to treatment with rotenone, an electron transport chain inhibitor (66) . From these data, we conclude that energy production is compromised in cells where ZC3H14 is lost, suggesting a possible respiration defect. In addition, loss of either ZC3H14 or ATP5G1 severely altered mitochondrial morphology, resulting in small, fragmented, round mitochondria. This mitochondrial fragmentation phenotype is frequently observed with loss of electron transport chain function (86 -88) . Although mitochondrial fragmentation results from an imbalance of mitochondrial fission and fusion and these are coupled to energy metabolism, regulation of these processes remains an active area of research (89, 90) . Of note, disruption of normal fission/fusion is observed in many neurological diseases, including dominant optic atrophy, Charcot-Marie-Tooth type 2A, Parkinson's disease, Alzheimer's disease, and Huntington's disease (91) . Therefore, we conclude that regulation of ATP5G1 by ZC3H14 is likely to have effects on mitochondria that could be detrimental to neurons.
A major research question is the how defects in or the loss of ubiquitously expressed RNA-binding proteins with general roles in mRNA processing cause tissue-specific disease. For instance, a mutation in the gene encoding the ubiquitously expressed nuclear Pab, PABPN1, causes a specific form of muscular dystrophy that affects primarily ocular and pharyngeal muscles (92) . How these specific craniofacial muscles are selectively impacted when all cell types have a requirement for mRNA 3Ј end processing and polyadenylation events has yet to be determined. Similarly, patients with loss-of-function mutations in ZC3H14 have a non-syndromic form of intellectual disability (12) . Why a loss of ZC3H14 in all tissues would result in a brain-specific phenotype is not at all clear. In fact, many ubiquitously expressed RNA-binding proteins are implicated in neuronal disease (93) . Perhaps there are critical binding part-ners for ZC3H14 found only in neurons. Alternatively, the high energy requirements found in this specialized cell type may make them more vulnerable to fluctuations in energy balance. We propose that ZC3H14, by ensuring the proper pre-mRNA processing of the ATP5G1 transcript, plays a critical role in maintaining proper cellular energy levels and, in turn, mitochondrial health and signaling at neuronal synapses. 
